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Chapter 1


INTRODUCTION


The View from Here


For more than a hundred years, physics has been treading along the paths set by two theories—quantum mechanics and general relativity—and, let’s face it, it’s getting pretty boring: laboratory-scale experiments keep confirming the theories we know and love. Discrepancies that might appear at the cosmological level—if there are any—are extremely difficult to probe experimentally. Unlike physicists in 1900, who were confronted with major inconsistencies between theory and experimental evidence, physicists today seem stuck. In his famous Friday Evening Discourse at the Royal Institution in 1900, Lord Kelvin talked about “two clouds” on the physics horizon, a pair of notorious problems that the best physics of the era could not resolve.1 The first cloud dissipated with the discovery of special relativity (which was followed by general relativity a decade later), while the second one owes its disappearance to quantum mechanics.


You might ask, where are the clouds on the physics horizon now? General relativity and quantum physics have withstood the test of time and have shown no experimental deviations for over a century. But their successes are, I believe, coming to an end. Although there are not yet experimental discrepancies, that’s not to say there are no issues. Seen from my perspective—that of a quantum information theorist—there is much to learn about some current problems in our fundamental theories of physics. It turns out that new tools from information theory may be the key to discovering physics beyond quantum physics and general relativity.


Information theory has been married fruitfully to quantum physics since the advent of quantum information theory in the 1970s. The most interesting aspect of that theoretical revolution, which led to the wave of quantum technologies we are witnessing now, is that it stemmed from an attempt to understand the fundamental aspects of quantum physics and of computer science. For my purposes here, you can think of quantum information theory as a set of concepts and methods that (1) allowed us to solve issues at the foundations of quantum theory itself (such as the measurement problem, which I will discuss) and (2) gave us a filtering lens that helped us extract and illuminate quantum theory’s fundamental principles without all the unnecessary details of particular physical systems that embody this or that quantum effect.


Quantum information theory opens up radically new avenues for experiments that we haven’t capitalized on yet. Here, I will harness all of the tools and methods we’ve learned about over the last couple of decades to argue that the next revolutionary step might be closer than we think.


As we will explore in the following pages, there are a handful of key hypothetical experiments that will provide us with important clues about what comes next. These experiments scrutinize elements of our theories that are particularly problematic. These elements are not just small clouds on the horizon. Rather, they lead us to the right portals beyond which lies the future of physics. Although at present each experiment is still at the level of an idea or a thought experiment, nothing is in the way of actually realizing them other than a huge inertia that makes us less likely to attempt ambitious new experiments. We simply need to take the paths that lead to these portals, and so far those paths have been little trodden.


UNNECESSARY STUMBLING BLOCKS


A major thread throughout this book is that when it comes to quantum physics, many physicists are caught on stumbling blocks that are, quite frankly, entirely avoidable. These stumbling blocks simply amount to refusing to accept quantum physics as a universal theory.


We’ll unpack what exactly this means throughout this book, but here’s a first example: the prevailing dogma in quantum physics, the so-called Copenhagen interpretation, contains a great number of misconceptions about what the world is made of and how to understand its most fundamental processes. First of all, it emphasizes observers and what happens when observers observe things. This leads to mystical-sounding statements such as “observations create reality” and “reality does not exist when no one observes it.” Second, in the Copenhagen view, the observers themselves are considered to obey the laws of classical mechanics (the laws of Isaac Newton that coincide with our everyday experience), rather than those of quantum mechanics. This introduces an arbitrary and ultimately false dichotomy between small systems, which are thought to fully comply with the laws of quantum physics, and macroscopic classical entities (like people), which do not. Macroscopic objects such as humans are held to merely tap into the quantum world every once in a while. Third, the Copenhagen interpretation lends itself to confusion about whether the ultimate elements of reality are waves, particles, both, or neither—a topic about which I’ll have much more to say.


Such a half-classical, half-quantum view of the universe not only is logically inconsistent but also serves as an unnecessary barrier to resolving whether Albert Einstein’s general relativity needs to be treated quantumly. The question of whether, let alone how, to make gravity quantum has evaded us for almost one hundred years, and it might be the biggest open problem in all of physics.


The Copenhagen interpretation has also contributed a great deal of force to the consensus in physics today that quantum physics is too “weird” to work at macroscopic scales, and that quantum effects at the macro level are not accessible by experimentation. Not only are both claims false, but applying quantum physics at all scales is one of the keys to future physics. This puts me at odds with many adherents of the Copenhagen interpretation, who suggest that bringing together gravity and quantum mechanics requires the world to revert back to classical physics at some large enough scale. This is problematic for all of the reasons I outlined above, and then some!


Unfortunately, most other interpretations of quantum physics are not much better in this regard. You may know that Einstein worked to discover hidden variables, and that his work and that of physicists such as Louis de Broglie and David Bohm are known as hidden-variable approaches. While they do not grant special status to observers, they all still retain a classical ontology. Then there is quantum Bayesianism, which treats quantum states like probability distributions that depend on observers. QBism, as quantum Bayesianism is affectionately known, is ultimately all about how classical observers and their interactions give rise to quantum physics. This is practically the opposite of how the world actually works.


Even the closest interpretation to reality, the many-worlds interpretation, asserts that the state of a quantum system exists across many different worlds at the same time in what we call a quantum superposition. However, this has two major problems: the superpositions-of-worlds picture still does not capture everything about a quantum state, and its sometimes state-centered view ignores the other half of quantum physics, the observables. I will explain why observables are the true underlying elements of reality. To borrow from Paul Dirac, observables are represented by q-numbers (q for quantum).


In classical physics (that is, non-quantum physics), momentum, position, and other quantities we might be interested in can be mathematically represented by so-called c-numbers (c for classical). These c-numbers have the properties that we’re familiar with in the classical world: any quantity of interest has only a single value, and we can specify and measure any pair of quantities simultaneously. C-numbers obey the rules we have all been taught in school about the real numbers. They are straightforward to add, multiply, and so on. Q-numbers, on the other hand, give us the counterintuitive properties of the quantum world. Any observable—for instance, momentum—described by a q-number does not have a single, definite value. Instead, it typically assumes multiple values at once. Nor can we simultaneously measure to perfect accuracy any pair of observables that are described by q-numbers.


Although each interpretation throws up its own stumbling blocks, one of the key ideas to overcome them will be about measurements—how we observe the observables in the first place. As I said, many interpretations of quantum mechanics ascribe a fundamental role to observers. But in reality, quantum physics does not need observers. Drawing on quantum information, one of the crucial themes of this book is that measurements are simply quantum entanglements between two physical systems, one of which can be thought of as the system under observation and the other one as the measurement apparatus. With respect to the underlying physics, which system we label “observer” and which system we label “observed” is completely arbitrary.


One consequence of this perspective on observers and observed is that it enables us to explain why the dynamics of entangled systems is perfectly predictable and, in addition to that, why the outcomes of experiments are definitive. This ability hinges on the role of the q-numbers of the two systems, and this is where quantum information comes in. You may be familiar with Claude Shannon’s classical theory of information, which describes the transmission of classical bits from a sender to a receiver through some channel. Its domain is the world of information that we are familiar with: classical bits are the binary entities that make up the world of classical computation and information, and there are no counterintuitive q-numbers to be found when describing physical systems involved in transmitting these bits from one physical system to another. Quantum theory of information, however, tells us about the meaning of q-numbers as well as the how, what, and why of interactions between systems that are described by q-numbers. The simplest q-numbers describe qubits, which are the quantum generalization of Shannon’s classical bits. Simply put, qubits can exist simultaneously in the states 0 and 1, in any ratio whatsoever. Moreover, we will see that no matter what theory supersedes quantum mechanics and general relativity, the principles of quantum information theory must also underlie that theory. At present, quantum physics is underpinned by quantum information, general relativity by classical information.


We’ll explore the differences between these information-theoretic principles in due time, but for now, know that these differences are the main reason quantum mechanics and general relativity are incompatible. I will explain how quantum information could be brought into general relativity and what this would imply in terms of which experimental tests to pursue and how we might need to modify general relativity. That’s a big claim, but in the end it will enable us to obtain a coherent description of the universe as a whole, in which everything is made up of the same kind of entity. There will be no arbitrary distinction between the classical world and the quantum world.


With these three key ideas underlying a new view of quantum mechanics—that everything can be described by q-numbers, that the observer and the observed are interchangeable, and that the principles of quantum information theory apply at all scales—we will investigate five crucial experiments that I believe will revolutionize physics.


Taking this road that has so far been less traveled will, as the poet Robert Frost would say, make all the difference.


OTHER BLIND ALLEYS


Just as some of the most popular interpretations of quantum mechanics prevent further progress in physics by asserting that the world is actually classical at some scale, a similar issue plagues attempts at describing theories that may unify general relativity and quantum mechanics. Many of these theories implicitly reject the principles of quantum information theory and the fact that systems at all scales can be described in terms of q-numbers.


String theory might seem to evade this problem, as it claims that both quantum theory and general relativity can be found as special cases within some deeper mathematical formalism. Other esoteric theories attempt the same thing. But at what price has this reconciliation been achieved? Most of these mathematical approaches are too far removed from basic physics. For instance, they have no experimental consequences.


Perhaps even worse, they tend to bear far too much fruit! They contain not just our two basic theories but—depending on the parameters chosen—all sorts of other theories that do not reflect our universe. Once we have a theory with too many things in it, we can try to winnow them down with some anthropocentric statement, such as “The laws are the way they are because we humans are here,” or perhaps we throw up our hands and take the related view that all mathematical realities are actually represented and we just happen to be in one of them. Neither of these views is testable, and they completely lack explanatory power. You might as well postulate that God made the universe just like that. Furthermore, all these very forgiving theories are the total opposite of the successful physical theories we have, which are very “tight”—a small deviation from them leads us into all sorts of contradictions.


Our problems do not just stem from misconceptions about quantum physics; there are also issues around our interpretation of general relativity. Einstein gave us a beautiful geometrical picture of gravity that we will talk about at great length. However, is relativity all about the bending of space and time? It could turn out that space and time are not even among the fundamental elements of reality. In that case, approaches to quantum gravity that insist on quantizing space and time, such as loop quantum gravity (championed by physicists such as Lee Smolin and Carlo Rovelli), may be profoundly off-target. You will read about the alternative interpretations of general relativity that are more in line with quantum physics and therefore easier to put on the same quantum information footing.


The way out of these blind alleys is illuminated by the principles of quantum information theory. These principles already indicate that quantum physics and general relativity need not necessarily be incompatible in the end, and they give us hints as to what their unification might look like.


OUR ROAD MAP TO THE PORTALS


At its heart, this book consists of five experiments treated in five chapters. Each of these core chapters will be about one experiment—the motivations behind it and how it will allow us to open a portal to the future of physics. But both before we get to those experiments and while discussing them, I will also be arguing for a novel perspective on quantum physics and the theory of gravity. So the book opens with two chapters that focus on quantum physics and general relativity and will bring readers who are new to physics up to speed. I admit that my perspective is radically different from the prevailing views that are represented in the popular press and books. The story I want to tell is actually more beautiful, engaging, and convincing than the versions we have all heard for too long.


There will be a theory that eventually supersedes quantum physics, because some experimental evidence will arise that quantum theory cannot explain, as happened with classical physics. The new theory will be more general than quantum physics and will have a similar relationship to quantum physics as quantum physics currently has to classical physics. And this new theory will decidedly not be a return to classical physics. The experiments in this book show where and how we might find that evidence. On our journey through those portals, we’ll explore domains of reality in which testing quantum theory has never been done on a range of scales: living systems such as viruses and ourselves; artificial intelligences; cosmic systems such as gravitating masses, black holes, and even the entire universe. And once we pass through them, the last part of the book presents my own speculations about the possible nature of the new theory. In particular, I’ll discuss how unifying quantum physics and gravity—that is, the micro and the macro—may help us reshape even our understanding of how inanimate and living matter are related.



THE VIEW FROM HERE


There’s a famous story, probably from the Zen Buddhist tradition, that involves two junior monks in training. One day while strolling around their monastery they come upon a flag that’s waving in the wind. One of them says, “Look at how beautifully the flag is waving.” The other one replies, “You are wrong. The flag is not waving; the wind is blowing and the flag just follows the waving of the air molecules.” Their master happens to be passing by and overhears the exchange. He says to them, “Neither of you is actually right. Neither the flag nor the wind is waving. It is your mind that’s waving.”


There is, of course, a grain of truth to the master’s claim. Our brain, which presumably provides the hardware for our mind, is the ultimate interpreter of all the sensory stimuli that we continuously receive from the external world. But it seems to me that this might be beside the point. The fable actually illustrates how the reality of any phenomenon can always be interpreted from at least three different basic perspectives. They can be hard to discriminate between on empirical grounds, yet they do offer different pictures of reality.


Before we start looking at physics from the perspective of quantum information theory, I want to highlight one of the crucial themes of this book, reflected in the moral of the Buddhist story: interpretations matter. Each interpretation offers a unique view about which elements in our physical theories are most important and how to properly explain what is going on when we observe physical phenomena. They are also crucial when it comes to discovering new physics, since some interpretations frequently lead to dead ends, while others allow us to extend and expand our theories to cover new ground. Newtonian physics, for example, has at least three different versions: the original one due to Newton, a subsequent one due to Joseph Lagrange, and finally one more due to William Rowan Hamilton. Empirically, they are all the same (that is, they all make the same predictions), but it is primarily Hamilton’s that enabled us to come up with quantum physics. This is because it contained a crucial feature that quantum physics would prove to need, which was a mathematical way of treating particles like waves. In other words, Hamilton told a better story about how the world works, even though the predictions his version made were no different from the ones made by Newton’s original formulation.


I know this may come as a surprise to you, because we are accustomed to only quantum theory having multiple interpretations. In fact, though, all phenomena we study in physics have multiple interpretations. Take the notion of time, for instance. One could say that time flows, which is why things change. According to this view, time is the cause of change. The world tomorrow will be different from the one yesterday. But another, equally respectable view is that the flow of time is nothing but the fact that things change. In other words, this interpretation says that time flows precisely because the world tomorrow will be different from the one yesterday. And, just like in the Buddhist fable, there is a third view of time: the denial of the flow of time or the change of things altogether. It is only our mind that moves its attention between events, and this gives the appearance of the flow of time and the ensuing change. Needless to say, each of these views has been advocated by some philosopher or another. Each of these views is suitable for particular contexts.


Ultimately, of course, I write this book from a physicist’s perspective, not a philosopher’s. The topic that concerns us here is the ultimate scientific view of reality. What are things really made of at the most fundamental level? Our interpretation of time matters for merging gravity with quantum theory because relativity, which no future theory of quantum gravity can ignore, is all about time.


Still, we will also ask philosophical questions in the spirit of our Buddhist monks: Is there a reality out there independently of us? Or is it just our mind that actively engages in creating our reality? Many readers will be familiar with Bishop Berkeley. He was what philosophers would call an idealist. He famously asked: if a tree falls in a forest and no one is around to hear it, does it make a sound? The fact that he supported the “no” answer makes him an idealist, like the master monk in the Buddhist story. The opposite position—namely, that the sound exists even if no one is there to hear it—is a philosophical position belonging to a realist: the world exists out there independently of us or any other being capable of perception.


This goes straight to the heart of questions pertaining to the observers and the observed that I mentioned earlier. It is often said that in quantum physics, observers create reality. A measurement in quantum physics reveals one of the many possible outcomes; prior to the measurement, there were multitudes of simultaneously existing possibilities. In that sense, it would seem that quantum physics supports Bishop Berkeley’s idealism. I will argue against this. Interpreting the quantum universe in a unified and holistic manner, as I do, leads us elsewhere. Making measurements in quantum physics is like any other quantum process, nothing more. In quantum information theory, there are elements of reality that exist independently of any observer. They are also local in that there is none of what Einstein derided as “spooky action at a distance” (a concept that we will revisit)—and this is despite the phenomenon of quantum entanglement, whereby two entities can apparently be linked even when separated by enormous distances. In fact, as we will see, it is because of (not despite) entanglement that there is no spooky action at a distance! What’s more, I’ll argue that entanglement is also responsible for the existence of the classical world, because—defying all expectations—larger systems tend to entangle more with their surroundings than smaller systems do.


There are many other surprises in store, including how quantum entanglement lies behind our tests of the quantum nature of gravity, and how entanglement leads us to acknowledge parallel worlds that exist simultaneously. We will come to understand why the unobserved outcomes of unperformed measurements nevertheless carry information that can affect future measurements. Imagine that: you toss a coin and see heads, and yet somehow the outcome you didn’t see, tails, can still affect things in your future. This sounds unbelievable, but that’s the way things are in the multiverse of parallel quantum realities. Finally, I will try to convince you that even living systems are subject to the same laws of quantum physics.


All of this will ultimately contribute to a picture of the universe that corresponds to a view of reality exactly the opposite of Bishop Berkeley’s: ultimate reality exists only when there is no one looking! This, I admit, is something of a joke—reality exists “out there” whether someone is observing it or not. But there is a kernel of truth to my joke, as observers can never capture the whole of reality during a measurement.


The fact that we can never capture all of reality when we engage in observation is at the heart of what is called the measurement problem in quantum mechanics, and I hope to convince you that there is actually no problem there at all. The whole of reality is indeed always out there, and we just navigate our way through its various branches (we will get to what this branching means). Measurements are simply your ordinary quantum mechanical interactions (which I will talk about in detail), and they have no special power to collapse things or change reality. This, too, might be news for you if you’ve been reading the popular press.


A scientific explanation of any phenomenon has to be mathematically consistent as well as consistent with all our physical observations. Quantum physics and the theory of general relativity certainly satisfy these criteria within their respective domains. But scientific theories are also much more than that. They have to be falsifiable, which means that there ought to exist at least one experiment that could contradict them. A scientific explanation also has to present a good story in the sense that it is logically sound and can be retold, analyzed, developed, and improved upon.


So let me tell you the story of quantum physics the way I think is the most authentic and fruitful. At the core of it will be principles of quantum information processing, and our guiding idea will be the notion that our understanding of reality cannot be based on theories that have different information-processing powers. At present, quantum physics is underpinned by quantum information, while general relativity is underpinned by classical information. This is what makes them incompatible. I will explain how quantum information could be brought into general relativity and what this would imply in terms of which experimental tests to pursue and how we might need to modify general relativity.


But before we get there, we need to start at the beginning.


Footnote




1 The two clouds were the relative motion of the ether with respect to massive objects and the Maxwell-Boltzmann theorem on the equipartition of energy.


















Chapter 2


QUANTUM PHYSICS AND GENERAL RELATIVITY


The discovery of the quantum world was kick-started by an act of desperation at the end of the nineteenth century.


As a young student, the German physicist Max Planck had been told by his university professor that in physics, almost everything was already discovered and all that remained was to fill a few holes. This very much echoes Lord Kelvin’s statement that there were only two clouds on the physics horizon; it seems to have been a consensus among the physics establishment that practically everything was understood. In his forties, Planck decided to tackle one of the niggling “minor” problems—and in the process, he inadvertently gave rise to a revolutionary new field of physics.


The problem that Planck decided to investigate was blackbody radiation. In physics, a blackbody is an object that does not reflect light. When a blackbody is heated, it gives off radiation in the form of light. This is what enables a filament in an incandescent light bulb to work. The hole to be filled, so to speak, was a strange one: classical physics predicted that a very hot blackbody should give off infinite energy at high frequencies. As this is clearly not something we observe, it was given the colorful name “ultraviolet catastrophe.”


Planck devised a mathematical formula to explain why this catastrophe doesn’t occur in reality, leading to the conclusion that instead of being continuous, energy comes in discrete little packages, which he called quanta. He called this an act of desperation, because he didn’t know why energy should be like this. As far as he was concerned, these quanta had no obvious relevance to the real world. When Planck published this work in 1900, no one, least of all Planck, appreciated what a radical discovery it was.


Then came Albert Einstein five years later with a more dramatic proposal. From the way that radiation knocks electrons out of a metal surface, he argued that if energy could be transmitted in discrete packets, then so too could light. Rather than being a continuous wave, he proposed that light is made up of little “atoms” called photons that have definite and discrete energies corresponding to certain frequencies. Einstein would call his 1905 paper in which he proposed the concept of a photon his “only revolutionary one,” and it was this work, not relativity, that won him a Nobel Prize. What made it so revolutionary was that it implied that James Clerk Maxwell’s classical description of light as a continuous entity—which up until then was unchallenged—actually had to be wrong.


What Einstein did for light, his Danish contemporary Niels Bohr would do for matter. Bohr had been struggling with the fact that the laws of classical physics didn’t allow atoms to exist. At the time, the atom was thought to consist of a positively charged nucleus orbited by negatively charged electrons. The major flaw with this model was that, according to classical physics, an electron whizzing around the nucleus would continue to lose energy, ultimately spiraling into the nucleus and destroying the atom. And yet matter is composed of stable atoms.


Bohr resolved this by proposing that electrons move around in discrete orbits, each of which corresponds to a definite energy, and cannot exist between these orbits. And when electrons jump between two orbits, they emit photons. Bohr’s calculations of the frequencies of these photons agreed perfectly with the data from experiments at that time.


Then something even more surprising happened, thanks to French physicist and aristocrat Louis de Broglie. If light waves are really made up of particles, then, de Broglie argued, why not also suppose that constituents of matter (atoms, protons, electrons, and such) are also wave-like? He adapted Einstein’s photon description of light to show that electrons, originally thought of as particles, could also behave like waves. Each electron, said de Broglie, had a wave associated with it that guided its motion.


This was a revolutionary hypothesis. Einstein loved it. The idea gave a huge momentum to new research. Soon experiments on electrons and atoms confirmed that they really are waves—and that they scatter and create interference patterns when they pass through a grating in the same way that water and light waves do.


Werner Heisenberg, one of Bohr’s most brilliant students, was the first person to guess the correct rules of quantum physics. His 1925 paper was highly non-transparent to contemporaries because of the radical suggestions he made about what quantum physics entails. Heisenberg dropped the classical notion that electrons move on well-defined trajectories at well-defined velocities. He said that it was unphysical to think of electrons this way because we can never measure their trajectories. For Heisenberg, both the position and the velocity of an electron became tables of numbers (that’s what he called them), and these tables contained frequencies and intensities for all possible jumps (from orbit 1 to orbit 2, from orbit 1 to orbit 3, from orbit 2 to orbit 3, and so on, including the infinitely many orbits an electron can jump between in an atom).


What Heisenberg called tables of numbers were actually mathematical entities called matrices. This has a striking consequence: in matrix multiplication, which was discovered in the nineteenth century, the product of two matrices depends on the order in which they are multiplied. In other words, in the quantum world, 3 × 5 is no longer necessarily equal to 5 × 3!


The idea that all physical matter could be described as a wave was unsettling enough, but then along came the Austrian physicist Erwin Schrödinger, who really shook things up. In 1925, after giving an enthusiastic talk about de Broglie’s ideas, he was asked by one of the audience members (I am paraphrasing): “You keep talking about electrons and atoms being waves, but shouldn’t they then obey a wave equation? You never mentioned a wave equation in your talk!”


Schrödinger went away skiing over the weekend and came back with a wave equation—now known as the Schrödinger equation—that electrons and atoms really do obey. It is almost the kind of equation that you’d expect water or light to obey, but with one important difference: in the Schrödinger equation, time is represented by an imaginary number (the square root of −1). The fact that time becomes imaginary with respect to space also pops up in the theory of relativity. Physicists did not know whether that was a coincidence or whether the then-new physics was trying to tell us something profound about the nature of time. Time would tell.


If this wasn’t confusing enough, in 1927 Werner Heisenberg realized that quantum theory predicted a fundamental limit on how much information we could ever know about a physical system. If we knew exactly the position of a particle, we could never simultaneously measure its velocity (or momentum, which is just the mass times velocity; strictly speaking, momentum is the right quantity in general because it is also applicable to the case of particles with no mass, like photons). Classically, no such restriction existed.


Some people mistakenly think that this quantum uncertainty is simply a consequence of the practical difficulty of measuring small things like electrons. Not so. This uncertainty is a fundamental feature of the universe. Heisenberg showed that, in the quantum world, objects do not possess separate properties known as momentum and position: they carry a “mixture” of the two, one that can never be completely unraveled. There are no states of a quantum system for which the position and momentum are arbitrarily well specified. This is the crux of Heisenberg’s way of doing quantum physics, and the limitation bordered on heresy to those who still believed that the natural world could be fully and entirely known. Even today, the Heisenberg uncertainty principle, as it is now called, remains one of quantum theory’s most counterintuitive predictions.


Schrödinger’s way of thinking was different: we cannot describe a particle as inhabiting a fixed point in space. Instead, we can only assign a set of possibilities to all the possible positions where it could exist, and a particle settles into a specific location only once somebody takes the trouble to look at it. So long as it remains unobserved, anything consistent with quantum physics is possible. Although Schrödinger himself, and later Dirac, would show conclusively that Schrödinger’s interpretation led to the same predictions as Heisenberg’s, it was Heisenberg’s interpretation that opened the gates to a new revolution in physics, much as the Hamiltonian interpretation of classical mechanics was more capable than the Lagrangian interpretation of leading us to quantum mechanics in the first place.


Schrödinger illustrated the apparent absurdity of the interpretation that things are quantum until observed by way of a thought experiment featuring the infamous cat that now bears his name. Schrödinger’s imaginary cat is a helpless creature locked in an airtight box with a vial of poisonous gas that has a 50 percent chance of shattering. According to quantum mechanics, until the box is opened, both possible outcomes are equally probable and possible. In other words, until someone peeks inside, the cat must be both alive and dead at the same time.


The apparent paradoxical nature of this logic weighed heavily on the quantum physicists of this era, and at this point Einstein—one of the grandfathers of quantum physics—became an opponent of the field. Even those who are used to the idea feel uncomfortable about the implications of the Schrödinger equation. It means that even if we know everything about a system’s initial conditions, we can’t predict an outcome with certainty: a particle can be in two places at the same time, and when measured it will randomly pop up in only one of them. This is radically different from the classical world, where we can predict with certainty what will happen following a system’s initial state.


Einstein’s first complaint was that quantum mechanics provided no deeper description of why this happened. His second major complaint was about the physical predictions that stem from doing mathematics with the Schrödinger equation: because it is a linear differential equation, we can simply add any two of its solutions together and get a third one that is just as valid. Physically, this implies a strange phenomenon known as quantum superposition. The classic example of superposition is what happens when we send a photon at a beam splitter. Rather than sending the one photon in only one direction, the beam splitter actually sends the photon in both directions at the same time. However, if you make a measurement in one arm of the beam splitter and don’t detect a photon, that means you’ve instantaneously created a photon in the other arm—even if the two arms were thousands of light-years apart. (A light-year is—funnily enough—not a measure of time but a measure of the distance that light travels in exactly one year.) Einstein didn’t like this “spooky action at a distance” because it appeared to violate the laws of relativity, according to which nothing can travel faster than the speed of light.


The prediction—and now reality—of the beam-splitting experiment and quantum superpositions has led to huge debates about the nature of reality and what happens when we observe the universe. I will argue that these issues, too, are actually resolved, and that these resolutions tell us a great deal about what we should be focusing on as far as future experiments are concerned. In fact, I believe that progress in physics is impeded precisely because of the prevailing belief that these issues are still outstanding.






[image: ]

A basic gadget in all experiments with photons, the beam splitter creates a superposition of the photon being in two places at the same time. The incoming photon gets reflected and transmitted by the beam splitter, which is just a piece of glass, at the same time and exists in both directions simultaneously.








Einstein famously objected that God does not play dice, bemoaning the apparent role of randomness in the universe. I agree with Einstein, at least partially: the randomness we emphasize when we talk about quantum mechanics is there primarily because we treat the measurement process in a hybrid quantum-classical way. Namely, we think of the system we are observing as being quantum, while we think of the apparatus we use to probe the system as being classical. If, on the other hand, we think of the apparatus as being just another quantum system, randomness disappears from quantum mechanics. The quantum-classical hybrid understanding of the measurement process is what led us astray in the first place!


Isaac Newton imagined the universe to be like a giant clockwork machine running according to his immutable laws of motion: once the initial conditions are set, the universe evolves (in physics, “evolves” just means “changes over time”) deterministically. This means that we can in principle predict everything that will ever happen by simply knowing only the state of the universe at the very beginning and the correct laws of motion. Admittedly, it might be difficult to obtain the knowledge of the initial state of the universe, but in principle there could be a being (imagined by French mathematician Pierre-Simon Laplace, and therefore called Laplace’s demon) who could access this information. The laws of classical Newtonian physics were subject to many tests during the eighteenth and nineteenth centuries and were found to be so reliable that the Nobel Prize–winning physicist Albert Michelson famously said in 1894 that “the more important fundamental laws and facts of physical science… are so firmly established that the possibility of their ever being supplanted in consequence of new discoveries is exceedingly remote.”


As we hinted at earlier, quantum physics has dramatically changed this picture. In quantum physics, the notion of indeterminacy enters at a fundamental level. When a quantum particle, such as a particle of light—a photon—encounters a piece of glass, such as your window, it seems to behave unpredictably. There is a chance that it will go through, but there is also a chance that it will be reflected. As far as we can tell, there is nothing in the universe that determines which alternative will happen at any given time. Surely this is randomness! But, in my opinion, the best way to think about this is to acknowledge that the photon has done both; this is the true meaning of quantum superposition. The Heisenberg uncertainty principle does not mean that only the outcome we see is real and that the other outcome has vanished. Rather, when we measure the state of the photon, we actually become entangled with it. There is a branch of reality in which we see the photon transmitted, but there is another, equally real branch in which we (here language fails us, as this “we” is different from the first “we”) see the photon reflected. And both branches exist simultaneously in a superposition. The best way to think about quantum measurements is to say that, while we cannot predict which branch of the superposition we will end up in, the superposition (now including us) remains after the measurement. In short: we join the photon in being in two states at the same time.


NEWBORN BABIES


At first glance, quantum mechanics seemed to imply the possibility of instantaneous communication over any distance, which special relativity forbids and which our experience would also suggest is impossible. The world is local and causal: local because signals between two objects must move through all the points between them, without sudden jumps, and causal because those signals move at most at the speed of light. Somehow quantum mechanics seemed to violate both with its spooky action at a distance. But this wasn’t the first time that physics confronted such a bizarre implication.


In the nineteenth century, the physicist Michael Faraday used to perform a trick in his Christmas lectures at the Royal Institution in London that seemed similarly impossible. Faraday had a large coil with a magnet at one end, and a compass at the other end, some distance away. When he put the magnet in the coil, the needle on the compass moved. To the audience, it looked like magic—like spooky action at a distance. In reality, the movement of the compass was caused by the changing magnetic field as an electric current moved through the coil, and the propagation of that field ultimately gave a completely local and causal account of Faraday’s induction.


In quantum mechanics, on the other hand, there is no such explanation if we insist that the propagating entities behave classically. In the standard view of quantum mechanics, a measurement in one place (the equivalent of moving the magnet in Faraday’s case) collapses something in another location, randomly and without any reason (like the needle assuming a definite direction at a distance). There’s seemingly nothing happening in between the two places, no equivalent of electrons moving down Faraday’s coil or electromagnetic waves propagating around it.


But this is not what I think quantum physics is telling us. When Heisenberg first began working with q-numbers, he decided to keep the classical laws of motion intact. That was because quantum physics must still recover classical physics when we encounter macroscopic objects. One consequence of the q-number formalism was the famous uncertainty principle, as we’ve seen, but there was more: we can apply Heisenberg’s logic to everything, not just atomic physics. You want to quantize the electromagnetic field? No problem. Keep Maxwell’s equations that describe classical electromagnetic phenomena, but upgrade the electric and the magnetic fields from c-numbers to q-numbers. It then automatically follows that certain pairs of components of the electric and the magnetic fields cannot be simultaneously measured.


The ingenuity of Heisenberg’s approach lies in the fact that by quantizing this way, you get to keep all the good stuff from classical physics. For instance, by keeping Maxwell’s equations, you retain all the desired properties of classical fields such as locality, causality, and the general compliance with (special) relativity. It is just that the things subject to these constraints are now q-numbers. Heisenberg’s idea was revolutionary, but the approach in physics has actually always been the same: keep the good stuff, and modify, discard, or upgrade the bad stuff. This is not to say that there are no problems with Heisenberg’s approach. For instance, there is still the question of which classical numbers we promote to q-numbers and how we do that. The short answer is: Heisenberg’s approach is a work in progress.


Concluding the story about Faraday, there is an amusing anecdote related to how his lecture at the Royal Institution ended. At the end of the lecture, someone from the audience asked: “Mr. Faraday, the behavior of the magnet and the coil of wire was interesting, but of what possible use can it be?” Faraday answered politely, “Sir, of what use is a newborn baby?”


Now, the modern world of electricity owes everything to applications of Faraday’s baby. But—and this is not much appreciated outside of the physics community—the modern view of gravity also owes it all to Faraday. In order to understand why, we now turn to general relativity, possibly the biggest single-handed achievement in the whole of science.


General relativity ended up being a theory of gravity, but one could almost say that this was an accident. General relativity, as the name suggests, came out of Einstein’s vision that special relativity—which he discovered in 1905, the same year he published his revolutionary paper on the photon—needed to be generalized.


Special relativity only captures laws of physics for observers that travel at a constant speed. Such observers are called inertial observers. For example, when you are on a train that travels at a constant speed (ignoring any rail bumpiness, the wind, and so on), you are an inertial observer. We all know that unless you look out the window, you won’t even notice you’re moving. And when you are sitting in a stopped train at the station and the train next to yours starts moving, it is easy to get tricked into thinking that your train is moving. In other words, motion is relative—each train is indeed moving with respect to the other one, but only one of the two is moving relative to the platform.


Special relativity has nothing to do with gravity per se. It stipulates that for all inertial observers, the laws of physics ought to be the same. So whether we are on a train moving along quickly and steadily, or on a plane going ten times that speed, no physical experiment whatsoever can detect either uniform motion. We get up from our seat with no more effort than if we are not moving; a cup of coffee on a tray remains still, just as when we sit in our local Starbucks.


However, none of this explains the exact consequences of the word relativity. In physics, this word indicates that the measurements of spatial distances and times are different for observers moving at different speeds. Space and time are relative to the observer, and they appear different to another observer moving at a different speed. Still, the laws of physics are the same for both observers.


Now, Einstein was dissatisfied with the fact that this principle of relativity only applied to uniform motion at constant speed. Shouldn’t the laws of physics be the same for all observers, even the ones that are accelerating as they jump up and down on a trampoline? In other words, Einstein thought that Nature would be illogical to make uniformly moving observers special. Either everything is relative for all possible observers doing all sorts of things, or nothing is relative at all. That’s the kind of guy Einstein was—he was no in-betweener. So Einstein came up with the principle of general covariance, which holds that the laws of physics should be the same for all observers.


You can see that Einstein loved to think in a principled way, and his general relativity is a shining example of how far principles can take you. However, it is worth emphasizing that many of his guiding ideas, intuitions, and principles ultimately proved incoherent, incomplete, or even wrong. Amazingly, that didn’t matter, because once he reached the final formulation of his theory, that was all that counted as far as physics is concerned. As the philosopher Ludwig Wittgenstein famously said, “One must, so to speak, throw away the ladder after one has climbed up it.” Einstein, like many other great scientists, was a “sleepwalker.” This term was coined by Arthur Koestler to stress that scientists are neither fully aware of what guides their research (frequently philosophical or psychological prejudices) nor fully aware of the implications of what they discover. The Russian physicist Vladimir Fock had this to say about Einstein the sleepwalker: “However paradoxical this may seem, Einstein, himself the author of the theory, showed such a lack of understanding when he named his theory and when in his discussions he stressed the word ‘general relativity,’ not seeing that in the new theory he had created, the notion of relativity was not among the concepts subjected to generalization.”


This might sound like a harsh criticism; however, it is exactly what made Einstein a great physicist. Needless to say, much like with quantum physics, general relativity is subject to many interpretations, and researchers still argue vigorously about what it tells us about the universe we live in. This includes many of Einstein’s principles, on which the jury is still out. Nevertheless, the equations of general relativity have so far been experimentally confirmed. They are as rock solid in their own macro domain as quantum physics is in its own micro domain.


The story of how Einstein managed such an achievement begins not with special relativity but rather with the problems that Einstein was trying to solve. In the nineteenth century, physicists had been trying to understand how light propagated. All waves, the logic went, propagate through some medium: a sound wave propagates through air or water or solids, because each of these media has atoms, and it is the vibrations of atoms that make up the sound waves. Similarly, water waves need water. So it’s natural that everyone thought that light must be the same. The supposed medium in which it propagated was called the ether. However, experiments in the late nineteenth and the early twentieth century could not detect any such thing.1


To make things worse, there was an apparent discordance between Newton’s laws describing particles and Maxwell’s equations describing electromagnetic waves. Newton’s laws stayed the same when you changed position and time in a specific way, provided you applied so-called Galilean transformations between the two sets of positions and times. However, these same transformations would alter Maxwell’s equations! This is highly problematic, because particles that obey Newton’s laws can (and do) produce waves that obey Maxwell’s equations. One way to think about such transformations of space and time is as different observers’ accounts of the same experiment. Surely we expect the same experiment to lead to the same outcomes no matter how it is described. You may say that the TV is five meters away from you, while for me it’s three meters away. However, this should not affect our assessment of whether the TV is on—both of us should agree, regardless of the different spatial coordinates we assign to it. It would therefore be very weird if, to each of us, Newton’s laws and Maxwell’s equations looked as they ought to look, while for another person—moving with respect to us—it seemed that either Newton’s laws or Maxwell’s equations had changed.


Einstein and others were seeking consistency. Physicists simply don’t like halfway measures; either everything transforms like Newton’s laws or everything transforms like Maxwell’s equations. Einstein decided to side against Newton and with Maxwell.2 The key to this choice was the speed of light, which for Maxwell was the same for all observers, while for Newton this was not the case. And this led Einstein to an astonishing realization: the concept of the simultaneity of events is relative! This is the main reason Einstein decided to call it the theory of relativity: different observers do not agree on which things happen at the same time.


One might conclude, then, that observers are fundamental to the laws of special relativity. But this is not true at all; describing the experiences of human observers is just a colorful way of dramatizing what happens to the laws of physics when particles are in motion with respect to each other. That observers are superfluous is good news, since I will also argue that quantum physics does not need observers, either. As I have said, the division between the observed and the observers is arbitrary and artificial. Either one, the observer or the observed, could be considered the other.


Among the signature effects of special relativity’s description of simultaneity is the famous twin paradox. Imagine one twin staying on Earth for ten years, while another twin takes a journey to a nearby star that is four light-years away. This twin travels at four-fifths of the speed of light, which means the twin on Earth waits ten years for the traveling twin to make a round trip. Remarkably, special relativity says that the traveling twin ages only six years during his trip—he is four years younger than his twin brother upon return!


Although this is called a paradox, it is not one. Moreover, we know experimentally that the effect of time slowing down for moving objects is real. Of course, we don’t need human twins, conscious observers, or even living systems to test this. Any objects in relative motion to each other will do the job. We could have two atomic clocks, one stationary and one traveling away and coming back. The effect is the same. But why does a traveling clock record less time? Imagine that the two clocks emit light signals toward each other every hour according to their own times. Although I won’t do the math here, the net effect of their relative movement at four-fifths the speed of light is that on the outward journey, each clock would receive a third of the signals from the other clock compared to the number of signals that it emits. However, when the traveling clock reaches its destination, it must reverse and start going back. Now, since it’s going toward the stationary clock, it starts to receive three times more signals from it. So the average number of signals received by the traveling clock is now 5/3 per hour. If the stationary clock measured 10 years while waiting for the traveling clock to return, this must be equal to ⅗ × 10 (i.e., 6) years’ worth of time for the traveling clock. Thus, less time has passed for the clock on a journey.


Sounds amazing, but let’s look at this from the perspective of the stationary clock. For half of the time, it has been receiving signals from the traveling clock at the rate of one-third per hour. But when the traveling clock reverses, it is four light-years away, and the slow rate of signals continues for another four years (since the signals go at the speed of light and cannot be faster). It’s only in the last year of the return that the rate jumps to three per hour. The average is therefore ((⅓ × 9) + 3) × 1 year, which equals 6 years. The stationary clock also agrees that it has received six years’ worth of signals from the moving clock. This had better be, since it would be weird if they didn’t agree about each other’s ages. That’s one thing that cannot be relative! And it does not matter whether it is people, clocks, or any other physical objects experiencing it.


This irrelevance of “actual observers” is of course also true in general relativity. The word general means that we don’t just want to describe objects moving at constant relative speeds; we want to be able to describe objects moving in any way possible with respect to other objects. It’s all to do with capturing how time and space must change when one is moving in the most general possible way. And, as we’ve seen from Fock’s disparaging statement, we should think not that special relativity is generalized but instead that gravity is added.


To understand the connection of relativity with gravity, which is as beautiful as it is surprising, we need to talk about an idea that Einstein called the happiest thought of his life (a big thing to say for a guy who had many love affairs, was married twice, and had at least three children). He imagined what a person in an elevator falling in the Earth’s gravitational field would experience in his vicinity. Or, crucially, what he wouldn’t experience: gravity itself!


That’s for the simple reason that everything inside the elevator would be falling with the same acceleration—that of gravity. So if he let go of an apple, the apple would go in a straight line with respect to him in the elevator, as though no forces were present. On the other hand, relative to the vantage point of an observer outside the elevator, the apple, the elevator, and the person in the elevator would be falling down. This “happiest thought,” that there is no gravity when falling “in gravity,” forced Einstein to conclude that acceleration and gravity are indistinguishable. If you are in an elevator and someone is pushing it from the bottom up at an accelerating rate, you will be glued to the bottom of the elevator as if you were standing on Earth’s surface, held down by Earth’s gravity.3


The full power of this idea becomes clear when we think about something that we all find counterintuitive: that all objects, no matter how massive, fall at the same rate under gravity. Every kid makes this mistake. It seems obvious that a hammer dropped from the same height as a feather ought to reach the ground faster since it is heavier than the feather. But if you remove the effects of air—as astronauts once did on the Moon—you see that they fall at exactly the same rate. Einstein’s insight explains this because an object falling toward the ground in gravity is actually the same as an object at rest with the ground accelerating toward it. If the whole ground is accelerating, then it doesn’t matter what the mass of any stationary object is; the ground will reach the hammer and the feather at the same time. That’s it. So, to summarize, gravity affects everything the same way, and the acceleration due to gravity is indistinguishable from any other acceleration due to any other cause (physicists call this the equivalence principle).


There is a stunningly simple experiment you can make to convince yourself that falling objects feel no gravity (and I don’t mean jumping out of the window). All you need is a paper cup, a rubber band, a rubber ball, and some glue. Glue the ball to the band and glue the other end of the band to the bottom of the cup. If the band is long enough, the ball will be hanging out of the cup, suspended due to the balance between gravity that pulls the ball down and the spring tension that pulls the ball in the opposite direction. Now let this “toy” drop a few feet before you catch it. As soon as you drop it, the ball will end up being pulled into the cup by the tension in the band! This is because falling down actually “eliminates” the force of gravity, which means there is no force to balance the tension in the band, which therefore simply pulls on the ball and brings it into the cup.
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